Twelve brominated pyrrole-imidazole alkaloids from the Caribbean sponges Stylissa caribica and Agelas wiedenmayeri were tested for interactions with cellular calcium homeostasis using PC12 cells. Massadine (half maximal concentration: 5.3270.007 mM), stylissadines A (4.4871.1 mM) and B (4.671.6 mM) as well as tetrabromostyloguanidine (15.670.004 mM) reduced voltage-dependent calcium entry in PC12 cells as measured with Fura II as calcium indicator. Dibromopalau 0 amine and mauritiamine reduced voltage-dependent calcium entry but no half maximal concentration can be calculated from our results. Monomeric brominated pyrrole alkaloids such as stevensine, cyclooroidin, oxocyclostylidol, 4-bromopyrrole-2-carboxy-N(e)-lysine, and 4-bromopyrrole-2-carboxyarginine showed no or only minor effects. Ageladine A itself showed fluorescence in a similar range as Fura II and therefore no data are reported here. Based on the results a structure-activity relationship could be established. Absolutely necessary for an activity seem to be a lipophilic (brominated side chain) and a hydrophilic (amino-imidazole core) substructure. The combination of these substructures may be on one hand responsible for the membrane solubility (dibromopyrrole moieties) and on the other hand for the interaction with the hydrophilic area of the calcium channel (amino-imidazole moieties) to accomplish the alkaloids neurotoxic potential. r
Introduction
Marine organisms represent a source for numerous bioactive and especially neurotoxic compounds as for example conotoxins from cone snails, hunting toxins from cnidaria or saxitoxin and tetrodotoxins from several sources (for review, Mebs, 2002) . Sponges are known to be a rich source for novel secondary metabolites with diverse biological functions. Several studies have indicated that especially sponges of the families Agelasidae, Axinellidae, and Dictyonellidae defend themselves chemically against fish predators by producing brominated pyrroleimidazole alkaloids (Pawlik et al., 1995; et al., 2000, 2004) . The feeding deterrent potency of these brominated pyrrole-imidazole alkaloids reflects in part the efficacy of these metabolites to disturb cellular calcium signaling in neuroendocrine PC12 cells, indicating their neurotoxic potential (Bickmeyer et al., 2004; Bickmeyer, 2005) . As previously shown, the amino-imidazole group appeared to have a significant effect on voltagedependent calcium elevation (Bickmeyer et al., 2004) . The degree of bromination of the pyrrole moiety is another important factor. Some pyrrole-imidazole alkaloids show additionally antibiotic activity (Ko¨nig et al., 1998) even against pathogens like Helicobacter pylori (Urban et al., 1999) .
Based on the hypotheses that the grade of bromination as well as the presence of aminoimidazole groups mainly contribute to observed effects, we investigated 12 bromopyrrole alkaloids ( Fig. 1) , with different structures, grade of bromination and number of amino-imidazol groups, isolated from the marine sponges Stylissa caribica and Agelas wiedenmayeri. The alkaloids 4-bromopyrrole-2-carboxy-N(e)-lysine, 4-bromopyrrole-2-carboxyarginine (Grube et al., 2006) , oxocyclostylidol (Grube and Ko¨ck, 2006a) , stevensine (Albizati and Faulkner, 1985) , massadine (Nishimura et al., 2003) , tetrabromostyloguanidine (Grube and Ko¨ck, 2007; Kobayashi et al. 2007 ), stylissadines A and B (Grube and Ko¨ck, 2006b; Buchanan et al., 2007) (S. caribica), mauritiamine (Tsukamoto et al., 1996) , ageladine A (Fujita et al., 2003) (A. wiedenmayeri), and cyclooroidin (Fattorusso and TaglialatelaScafati, 2000; Po¨verlein et al., 2006) were used in this study to obtain an insight into the structureactivity relationship of bromopyrrole alkaloids with the cellular Ca 2+ homeostasis in PC12 cells.
Material and methods
2.1. Experiments using PC12 cells 2.1.1. Culture methods PC12 cells from the DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany) were kept in culture medium containing RPMI 1640, 10% fetal calf serum, 5% horse serum, and 100 units penicillin/ streptomycin per mL. Cells were cultivated in an incubator at 37 1C, 90% humidity and 5% CO 2 with regular medium changes twice a week or when additionally necessary. Cells grew in culture flasks and 1-2 days prior to the experiments were seeded into petri dishes coated with collagen.
Fluorimetric measurements of intracellular calcium levels
Cells were incubated in buffer (in mM: 125 NaCl, 2.5 KCl, 1 MgCl 2 , 2 CaCl 2 , 1.3 NaH 2 PO 4 , 30 Glucose, 26 Na HEPES) containing 5 mM Fura II acetoxymethylester for 30 min at room temperature (2272 1C). The incubation buffer was removed and cells were washed at least for 20 min. Fluorescence of cells was monitored by an imaging system (Visitron, Puchheim) and a CCD camera mounted on an inverted microscope (Zeiss Axiovert 100). About 30 PC12 cells were measured simultaneously, separated using ''the region of interest'' function of the software (Metafluor, Meta Imaging Series). Fluorescence was obtained through an UV objective (Zeiss NeoFluar 20 Â ). Data were obtained by division of two images, one obtained at 340 nm and the other at 380 nm excitation. For determination of R min and R max , cells were loaded with Fura II and were exposed to 10 mM ionomycin to permeabilize the membrane for Ca 2+ ; for determination of R max we used usual buffer and for determination of R min in calibration experiments buffer without CaCl 2 but with additional 10 mM EGTA. Fluorescence ratios were converted into calcium concentrations by the formula given by Grynkiewicz et al. (1985) . Pyrrole alkaloids were stored at 50-100 mM stock solutions in methanol at 4 1C for experimental use, otherwise as freeze-dried powder at À20 1C.
Experimental design
The recording chamber, mounted on a microscope had a volume of 2 mL and the peristaltic pump was adjusted to 4 mL/min; exchanging the chamber volume in 30 s. To depolarize the cells, 80 mM KCl was used (supplemented for 80 mM NaCl) in the experimental buffer. The depolarization of the cellular membrane potential therefore increased gradually during 30 s of perfusion. Cells were depolarized three times for 1 minute during the course of a single experiment with the duration of about 60 min. Usually 30 cells were measured simultaneously. Vehicle control experiments using methanol, the solution solvent of alkaloids, showed no effect at concentrations lower then 1%. By using stock solutions of 50-100 mM much lower concentrations of methanol were applied during the experiments. Results are presented as the mean 7SEM, unless otherwise stated. Statistics and calculations were performed using computer software Prism (Graphpad) and Igor (WaveMetrics).
Sponge secondary metabolites and chemicals
The investigated bromopyrrole alkaloids (Fig. 1 ) were isolated from dichloromethane/methanol extracts of the Caribbean sponges A. wiedenmayeri and S. caribica using previously reported methods of collection, isolation and structure elucidation (Grube and Ko¨ck, 2006a, b) . Cyclooroidin was synthesized by T. Lindel, TU Braunschweig. Other chemicals were obtained from Sigma, Merck, Fluka and Molecular Probes.
Results
The bromopyrrole alkaloids (Fig. 1) were tested in a series of experiments, applying 10 mM of each compound to test for their efficacy to interact with cellular calcium signaling. The compounds may change intracellular calcium levels without a cellular stimulation or may interfere with stimulus-induced calcium level changes. As a stimulus we chose a depolarization of cells using high potassium solution (K + ), which can be repeated several times without an alteration in induced signals . Alkaloids which showed an effect were investigated more deeply in respect to a possible dose-response relationship of observed effects.
Stevensine, 4-bromopyrrole-2-carboxyarginine ( Fig. 2A) , 4-bromopyrrole-2-carboxy-N(e)-lysine, oxocyclostylidol and cyclooroidin showed no detectable effect applied in a concentration of 10 mM (n ¼ 3). To verify this, we tested the alkaloids again in the concentration of 100 mM and the most substances showed no obvious effect related with voltage-dependent calcium entry (summarized in Fig. 3 ). For unknown reasons, an immediate drop of fluorescence signals was measured after application of 100 mM cyclooroidin; this compound was at 10 mM concentrations without any effect, therefore it is not included in later analysis. Ageladine A seemed to affect the depolarization-induced calcium elevation, but showed a strong fluorescence itself at 500 nm wavelength following excitation with UV light, which is used to excite the calcium dye Fura II. Therefore, we refused to measure dose-response curves of ageladine A due to its inherent fluorescence during UV excitation.
Massadine, stylissadines A and B, tetrabromostyloguanidine ( Fig. 2B-E) , dibromopalau 0 amine, and mauritiamine were effective in reducing voltage-dependent calcium entry. Stylissadine A (half maximal concentration 4.4871.1 mM; Hill coefficient, N ¼ 1.39) and stylissadine B (4.671.6 mM; N ¼ 2.33) were the most potent substances in this respect followed by massadine (5.3270.007 mM, N ¼ 3.59). Besides its slightly different potency, the major difference between massadine on one hand and stylissadines A/B on the other hand, was the reversibility of its effect. The reduction of voltage-dependent calcium entry was not reversible after washout for both stylissadine compounds ( Fig. 2C-E) . After application of the high concentration of 100 mM the effect of massadine was still partly reversible, but both stylissadine compounds eliminated depolarization-induced calcium entry followed by an increase of intracellular calcium (Fig. 2D, E) . The calcium source of the calcium increase is not clear, but such a long lasting strong increase should involve calcium entry from the extra cellular solution. To address this issue we blocked L-type channels with nifedipine and N-type channels with o-conotoxin without an alteration in the increase of intracellular calcium. The cells show mainly L-type (67727%) and N-type currents (30710%) and some cells a small fraction of P-type channels. A blockade of calcium extrusion mechanisms may be a reason for the described calcium increase and/ or a depletion of intracellular calcium stores followed by calcium entry. There was no membrane damage to be recognized nor loss of dye. In addition, Grube and Ko¨ck (2006b) described stylissadines A and B to be not cytotoxic and to have no antibacterial effect.
Tetrabromostyloguanidine and mauritiamine were less potent but nevertheless tetrabromostyloguanidine elimimated voltage operated calcium entry at 100 mM showing a half maximal concentration of 15.670.04 mM (N ¼ 2.71). Mauritiamine and dibromopalau 0 amine reduced voltage operated calcium entry but the maximal concentration should be far exceeding 100 mM as shown in Fig. 3 summarizing the data of the obtained doseresponse relationships.
Discussion
Bromopyrrole alkaloids interact with the cellular calcium homeostasis by reducing voltage-dependent calcium elevation (Bickmeyer et al., 2004) and do not interact with store operated calcium entry (Bickmeyer, 2005) as has been described for the algal secondary metabolites 2,4-dibromophenol and 2,4,6-tribromophenol .
Due to the slightly varying structures of the tested dimeric alkaloids (e.g. massadine and tetrabromostyloguanidine) a structure-activity relationship could be established. Dimeric alkaloids containing non-cyclized dibromopyrrole moieties (e.g. massadine) are the most active compounds in our calcium assay. Absolutely necessary for an activity seem to be a lipophilic (brominated side chain) and a hydrophilic (amino-imidazole core) substructure (see Fig. 4 ). The combination of these substructures may be on one hand responsible for the membrane solubility (dibromopyrrole moieties) and on the other hand, for the interaction with the hydrophilic area of the calcium channel (amino-imidazole moieties). Another limiting factor is the molecule size of pyrrole-imidazole alkaloids. Dimeric alkaloids are potent reversible calcium channel blocker whereas the tetrameric molecules stylissadines A and B show a strong but a non-reversible effect. The high grade of bromination indicates a high lipophilicity of this compounds which in part may be responsible for the non-reversibility by washout. Monomeric pyrrole-imidazole alkaloids are less or non-active. The missing amino-imidazole moiety in ARTICLE IN PRESS 4-bromopyrrole-2-carboxy-N(e)-lysine and 4-bromopyrrole-2-carboxyarginine and only one bromine atom may explain the lack of activity. Oxocyclostylidol is the first pyrrole-imidazole alkaloid isolated from natural sources containing a twiceoxidized pyrrole moiety. The more hydrophilic pyrrole moiety may be the reason for the inactivity under experimental conditions. Stevensine was the only tested monomeric alkaloid with an intact dibromopyrrole moiety but a cyclized structure.
The order of potency of pyrrole-imidazole alkaloids in the present work partly corroborates our previous results with pyrrole-imidazole alkaloids, where higher bromination and the aminoimidazole groups seem to be responsible for reported effects on voltage-dependent calcium entry (Bickmeyer et al., 2004; Bickmeyer, 2005) .
The hydrophilic guanidine moieties seem to be of importance for the efficacy of toxins. Two guanidine moieties are present in saxitoxin, which blocks sodium as well as in part calcium channels (Llewellyn 2006) . Bricelj et al. (2005) showed the significance of a single amino-acid mutation between transmembrane a-helices 5 and 6 for reduced sensitivity of clam sodium channels to the binding of saxitoxin. A guanidine moiety is found as well in the neurotoxin tetrodotoxin, which also blocks sodium channels at binding sites between the transmembrane domains 5 and 6 (for review, Catterall et al. 2007 ). Calcium and sodium channels are closely related and structurally very similar. The brompyrrole alkaloid dibromosceptrin includes two guanidine moieties and does not only block calcium (Bickmeyer et al. 2004 ) but also sodium ion channels (Rivera-Rentas et al. 1995) . The guanidine groups included in the tested bromopyrrole alkaloids may also be responsible for binding at the loop ARTICLE IN PRESS between transmembrane a-helices 5 and 6 of the calcium channels.
The biological relevance of the substances may be its antifeeding activity as reported from Pawlik et al. (1995) , Chanas et al. (1996) and Assmann et al. (2000) for several pyrrole-imidazole alkaloids, which partly overlaps with its potency to disturb calcium signals (Bickmeyer et al., 2004) or its antibiotic potency (Bernan et al. 1993) . A disturbance of cellular signaling in exposed cells as chemoreceptive cells in related organs may induce a deterrent effect for more than one predator species as a potentially generalized mechanism. The potency of the alkaloids to disturb voltage-dependent calcium entry demonstrates the compounds to be potent neurotoxins. This has to be investigated in behavioral and neurophysiological experiments using predator species like sea slugs or others (Wertz et al., 2006) .
